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In this research, we studied the effects of lithium doping on the transport properties of MoO3
ceramics. A series of lightly lithium-doped MoO3 ceramics was prepared: 2, 4 and 8 mol% Li-doped
MoO3 . The x-ray diffraction analysis confirmed that the typical MoO3 structures were retained at
the low doping. However, from laser-induced-breakdown spectroscopy, the differences in the peak
intensities of the doped samples clearly indicates that lithium ions are successfully incorporated
into the lattices in different amounts. To see the effects of the lithium doping on the transport
properties in the MoO3 lattices, impedance spectroscopy is used in the capacitor geometry. A
systematic increase in the overall bulk conductivity and a faster relaxation behavior were observed
when the doping level was increased. Lastly, when the doping level was increased the activation
energy was drastically decreased, which indicates that the lithium facilitates transport along a 2D
path.
PACS numbers: 77.84.Bw, 84.37.+q
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I. Introduction
Light and small ions like lithium, hydrogen, and
sodium. can be important elements to tune materials’
properties, when they are physically and/or chemically
absorbed into lattices of transition metal oxides [1–
7]. The main process to tune the properties is mainly
through changing valence state of transition metals. It
is well-known that the valence state is an important parameter to control electronic transport, magnetism, and
electrochemical properties. [8–10] Usually, for drastic
changes in physical and chemical properties, light and
small alkaline ions are preferred due to their mobility.
Its mobility and amount absorbed in the lattices of host
materials are critical factors to determine the performance of ion-based batteries and gas sensors. [11–13]
Fundamentally, it is important to understand correlation between light ion concentration in the lattices and
electronic conductivity. Thus, utilization of such mobile
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ions and underlying mechanism should be fully understood for science and technology.
In this sense, MoO3 , in which the material is connected
by van der Waals force among buckled octahedral layers,
is an interesting for possible ion intercalation. [14–20]
The weak bond strength between layers may allow the
intercalation of light elements. [21] Also, the intercalated elements can be mobile due to weak interaction
with the environment. Thus, MoO3 would be an ideal
material to see the effect of light ions in MoO3 lattices.
[22] Due to its exotic layered structure, it has been studied for battery applications from the lithium insertion to
magnesium insertion. [7,18] In order to see the effect of
light ions in MoO3 lattices, it is required the intercalated
species does not trigger structural phase transition such
as the formation of bronze phases. [23–25] It has been
known that MoOx can have bronze phase like Ax Moy Oz
with different colors: red for x = 0.33, blue for x = 0.30,
and purple for x ∼ 0.15. Lithium doping level of our case
is below 0.08, so it is unlikely to induce the formation of
any bronze phase. We could see the effect of lithium in
layered MoO3 crystal structure.
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In this work, we studied effect of lithium in MoO3 lattices by temperature dependent impedance spectroscopy.
For this work, low lithium doped MoO3 were made
through solid state reactions and existence of lithium in
the lattices measured by laser induced breakdown spectroscopy. From these experimental works, the relation
between lithium chemistry at low doping regime and
transport properties is established. Especially, the critical doping to lower activation energy in MoO3 lattice is
at least 4 mol% of Li.
High purity of MoO3 (Alfa Aesar, 99.9%) and Li2 CO3
(Alfa Aesar, 99.9%) powders were used for preparation of
polycrystalline x mol% Li doped MoO3 samples, where x
is 2, 4, and 7 mole percent (mol%). Each weighed powder
was thoroughly grounded and then calcinated at 600 ◦ C
for 6 hours. We additionally ground the calcined powders
and pelletized for sintering at 600 ◦ C for 6 hours. MoO3
showed pale yellow, however samples with highly doped
Lix MoO3 pellets show dark blue colors. Pelletized samples were characterized by x-ray diffractometer (XRD,
Rigaku D/MAX 2200 V) for structural information. Details will be addressed later, but from XRD we could not
find any structural evolution like formation of lithium
bronze phases. [23–25] In addition to structural information, laser-induced breakdown spectroscopy (LIBS, J-200
EC model, Applied Spectra, USA, PNU LA-ICP-MS)
with Nd: YAG laser (wavelength = 266 nm) was used
for chemical information. High power pulse laser enabled to volatize solids, and spectrometer detects emission spectra of the volatized solids. It has been reported
it could sense even light elements like lithium. [26, 27]
From the spectra and subsequent spectrum analysis, we
could see the existence of lithium in the pellets. Qualitatively, LIBS data showed existence of lithium in our
samples and the intensities depends on lithium concentration. After checking chemical and structural information, we studied impedance spectra of samples with an
impedance analyzer (Hioki IM3570) and a custom-made
high temperature probe in a box furnace. All the experiments were performed at air condition to stabilize and to
ensure MoO3 structure throughout the experiments. It is
well known to study PO2 dependence experiments to distinguish electronic contribution from ionic contribution.
[28] However, if we change PO2 levels, it would immediately create oxygen vacancies. Thus, we limited our
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discussion to bulk conductivity of lithium doped MoO3 .
The frequency range is from 4 Hz and 5 MHz with 0.2 V
of excitation. Main circles, corresponding to bulk conductivity, from all the spectra were analyzed with ZView
software with equivalent circuit which consists of parallel
a resistor and a constant phase element (CPE).

II. Results and Discussion
To check any structural changes by lithium doping,
we performed x-ray diffraction. Figure 1. The polycrystalline pellets were used for the measurements. For comparison, we also measured pure MoO3 polycrystalline
pellets. From the XRD results, it is clearly seen that
strong peaks along (0l0) seen for the all the specimen.
In addition, there are multiple peaks associated to other
orientations due to polycrystalline nature of the samples.
Note that we present XRD data from JCPDS (05-0508)
for comparison. When we compared strong (0l0) peaks
of the samples, we could extract lattice constants: 13.85
Å for MoO3 pellets, 13.86 Å for 2 mol% Li doped MoO3 ,
13.86 Å for 4 mol% Li doped MoO3 , and 13.86 Å for 7
mol% Li doped MoO3 . Typical lattice constant of MoO3
is 13.94 Å from the literatures [19], while the longest lattice constant of bronze Li0.9 Mo3 O17 , where x is 0.3 in
our notation, is 12.75 Å. The results indicate effect of
lithium doping does not significantly change their lattice
constants. In addition, from the overall diffraction patterns, it can be claimed that the low doping of lithium
would not significantly changed its crystal structure.
For confirming existence of lithium in MoO3 lattices,
we used LIBS to show the chemical information of the
pellets. For each sample, we measured nine different
spots and averaged spectrum to get reliable data set (See
Fig. 2(a)). In addition, for comparison, we normalized
the strongest Mo peak at around 550 nm (See Fig. 2(b)).
It is known that Mo LIBS spectrum consists of many
peaks due to various energy levels, so it is not easy to
get quantitative information from LIBS spectra. As can
be seen in Fig. 2(a), in between 500 and 600 nm peaks
are mostly from Mo, those peaks are related to transition
from 5p state to 5s state in Mo. In the Fig. 2, noticeable
Mo peaks in this range are indexed. To claim lithium in
the specimen, we relied on the data above 600 nm. It is
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Fig. 3. (Color online) Impedance spectra of MoO3
and lithium doped MoO3 ceramics at 500 ◦ C. (a)
Nyquist plots showed progressive reduction in the circles by increase of doping level. (b) Bode plots with real
part impedances. (c) Bode plots with imaginary part
impedances.
Fig. 1. (Color online) X-ray diffraction patterns of MoO3
and lithium doped MoO3 ceramics. For comparison,
XRD data from JCPDS (05-0508) is added.

Fig. 2. (Color online) LIBS spectra of MoO3 and lithium
doped MoO3 ceramics. (a) Overall LIBS spectra from
500 to 780 nm. (b), (c), and (d) showed zoomed spectra
of Mo emission at around 550 nm, Li emission at around
610 nm, and Li emission at around 670 nm.
worth to note that in between 600 and 650 nm, Mo peaks
are barely seen. [29] Fig. 2(c) shows the peak at 610 and
670 nm are the signature of existence of lithium in these
compounds and it is related to the transition from 3d to
2p in lithium. It should be stressed that it is clearly seen
that monotonic increase of peak intensity as the increase
of lithium doping. This is clear evidence of lithium is
indeed stay in the samples. The similar feature also can
be seen from the peak at around 670 nm in Fig. 2(d).
The less pronounced feature might be due to overlap of
the peaks related to Mo. Above 700 nm, it is seen that
there are still several Mo peaks. One thing should be
stressed, around 777 nm, peaks from lithium and oxygen

are overlapped. So, even qualitative comparison for oxygen was not possible. Note that, since all the solid state
reactions were taken place in air, it is unlikely to form
significant amount of oxygen vacancies.
After confirming different level of lithium in the samples, we performed temperature dependent impedance
spectroscopy to see the impedance response of each sample. Use of an impedance analyzer enables us to separate each contribution. In our case, two main contributions are bulk conductivity and interfacial resistance. At
the lower temperatures, we have observed one depressed
circle, related to bulk conductivity, from Nyquist plots
due to sluggish contribution from oxide-metal interfaces.
Note that the depressed circle indicates multiple relaxations take place in one specimen. It may be due to
polycrystalline nature of our sample as well as layered
structures, which may create difference in bulk conductivity. However, the elevated temperature including 500
◦
C shown in Fig. 3 clearly infers the faster reaction at the
interface between metal and oxide. Still, depressed circles were clearly seen from the Nyquist plots. Figure 3(b)
and (c) additionally showed Bode plots of same data set.
From real part of impedance data, it is seen that overall
impedance values are higher for the lower doping. This
indicates lithium helps to increase its bulk conductivity.
It is not clear that lithium itself contributes as a carrier or lithium helps to electron conduction. When we
checked the imaginary part of impedance data, we clearly
oberved the peak frequency shifted toward higher frequency by the increase of lithium doping. Lithium helps
to shorter the relaxation, which is the response to external sinusoidal electric fields. Note that Nyquist plot
from MoO3 is drawn and has larger circle compared to Lidoped MoO3 . In Fig. 3(b), MoO3 has higher impedance
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Fig. 4. (Color online) (a) Characteristic frequencies (fc )
as a function of 1/kB T in eV. (b) Bulk resistivities of
lithium doped MoO3 . (c) Relaxation frequencies and
(d) the bulk resistivities. Changes in thermal activation
energies by lithium doping are similar.
values in low frequency limit. In addition, in the measurements range, we only found single relaxation, where
the frequency is lower than 104 Hz. The value is nearly
100 times smaller than those of Li-doped MoO3 .
To see characteristic features of bulk conductivity behavior of the lithium doped MoO3 , we extracted peak frequencies, related to relaxation time, and bulk resistivities
at different temperatures. For extracting bulk resistivity values, ZView software was used with the equivalent
circuit consisting of resistor and constant phase element
in parallel fashion due to distorted nature of impedance
spectra from Nyquist plots. We fitted the data where the
bulk conduction is clearly seen with the circuit. Figure
4(a) and (b) showed characteristic peak frequency and
mixed bulk resistivity as a function of 1/kB T . From the
linear square fitting, we could determine thermal activation energy (Ea ) of each doping level. It is seen that the
values from 2 mol% Li doped MoO3 has much steeper
slope compared to those from other two higher doped
cases. Also, peak frequencies of 2 mol% Li doped MoO3
have up to one order of magnitude lower than those from
other two highly doped cases. It is expected that 2 mol%
Li-doped MoO3 has much longer relaxation times and
higher Ea . Figure 4(c) showed the Ea of 2% Li doped
MoO3 has 471 meV, while those from 4 mol% and 7 mol%
samples have 216 meV and 261 meV, respectively. Note
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that thermal activation energy values of MoO3 are varied
from 0.3 to 1.3 eV, depending on sample type, i.e. single crystals and thin fims, and temperature ranges [19,
30]. Our 2 mol% Li doped MoO3 is in the range, since
low doping of Li cannot contribute to transport properties, however our data certainly showed that increase
of Li doping promotes hopping process and lower their
thermal activation energies. Since those peak frequencies and bulk resistivity are from bulk contribution, it
is expected that the values from bulk resistivity showed
similar Eas. As expected, Fig. 4(d) showed the Ea from
mixed resistivity showed similar values from relaxation
frequencies.
Now, it is rather interesting to see that nearly half
of Ea is seen from both 4 mol% and 8 mol% Li doped
MoO3 . Julien referred that charge transfer from lithium
ions to molybdenum ions increase the portion of Mo5+
ions, which is a driving force to conduct electrons in the
MoO3 lattices. [7] In that work, it was claimed that pure
MoO3 is semiconductor-like behavior, while even 5 mol%
Li doped MoO3 showed heavily doped semiconductorlike behavior with reduced Ea . Our work is consistent
with that previous work in terms of bulk conductivity
enhancement by lithium doping. In addition, it should
be noted that 2D open-structure of MoO3 is likely to facilitate well-dispersion of lithium ions on lattices. The
2D structure would avoid clogging effect, which is a serious issue in 1D Li conducting materials like LiFePO4 .
[31,32] From these results, it is clearly seen that lithium
ions in MoO3 does not function as a localized impurities, but act as an active element to enhance materials’
conductivity.

III. Conclusion
In summary, we confirmed effect of lithium ions in
MoO3 lattices on their conductivity through impedance
spectroscopy. The low doping of lithium is necessitated
not to break layered structure and is confirmed by xray diffraction and LIBS. From the temperature dependent transport measurements, we found lithium reduced
bulk resistivity as well as thermal activation energy corresponding to bulk conductivities. In addition, doping
leads faster responses to electric fields. This indicates
lithium is not functioning as localized impurities but
working to promote conductivity enhancements.
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